There are numerous instances in semiconductor nanostructure physics where effective-mass approximations are deemed insufBcient and "direct diagonalization" approaches that retain the microscopic quasiperiodic potential are needed. In many of these cases there are no free surfaces and charge transfer effects are small, so $s:ed, non self c-onsi-steat potential approaches suffice. To this end we have developed a continuous-space, fully relativistic empirical pseudopotential for A1As/GaAs, which is carefully Stted to the measured electronic structure of bulk AlAs and GaAs, and to ab irutio local-density calculations on short-and long-period A1As/GaAs superlattices. Variations in the anion-cation charge transfer in AlAs and GaAs are simulated by using an As pseudopotential that depends on the number of Al and Ga nearest neighbors. Excellent agreement is demonstrated between the results of the present empirical-pseudopotential method and experiment or ab initio calculations for crystal structures exhibiting a variety of local atomic arrangements. The method is suited for large-scale electronic-structure calculations, where a realistic, three-dimensional band structure is important. We illustrate this in the context of plane-wave calculations on (i) 512-atom supercells describing (001) A1As/GaAs superlattices with rough interfaces, (ii) 2000-atom supercells describing (A1As)"/(GaAs) superlattices with randomly selected periods (n, m), and (iii) 512-atom A1As supercells containing clusters of isoelectronic Ga impurities. Our main findings are (i) a transition from an L-like to an X-like conduction-band minimum occurs in the (A1As)i(GaAs)i (001) superlattice as one introduces local interfacial intermixing, (ii) the band-tail states in random superlattices are strongly localized along the growth direction; this is accompanied by a large band-gap reduction, and (iii) while single substitutions in A1As:Ga do not produce bound states, clusters of Ga"within AlAs produce quasibound impuritylike states already for n = 4.
I. INTRODUCTION
Most electronic-structure methods currently in use for describing bulk semiconductor systems -ordered compounds, disordered alloys, superlattices with abrupt or rough interfaces, impurities, quantum dots, wells, films, and wires -fall into two general categories: (i) firstprinciples methods that retain the quasiperiodic microscopic potential V(r) in the Hamiltonian JI = -2V + V(r) and determine it self-consistently from the charge density, (ii) methods such as the effective-mass approximation (EMA) and the Kronig-Penney model that replace the array of micro8copic atomic potentials by rectangular empty boxes separated by walls. Being computationally intensive, class (i) methods are limited to rather small systems (e.g. , &100 atoms per computational unit cell), but within this size constraint, arbitrarily complex atomic geometries can be treated (e.g., low-symxnetry molecular clusters and supercells, superlattices with interdiffused interfaces, structurally relaxed impurities in solids). Class (ii) does not by itself produce a consistent potential for the common atom C needed in calculations for, e. g. , AC/BC interfaces; (iii) adjusting a local V(r) to produce some given energy levels s, = (g,~-2V' + V(v ))g,)/(g, ~Q, ) can be accomplished with almost arbitrarily poor wave functions Q, (r), unless one constrains the latter in some physically meaningful fashion.
In this work, we present an empirical pseudopotential that overcomes the limitations (i) -(iii) noted above: We fit it to the bulk results at a series of volumes (thus, a range of q's), as well as to local-density approximation (I DA) results for superlattices (thus, small q's). Furthermore, we make it depend on the local atomic environment, thus simulating charge transfer effects. Finally, we compare the wave functions with I DA-calculated ones.
In the traditional fitting procedure of the empiricalpseudopotential method (EPM), s one adjusts the Fourier transform of the potential V(G) ("form In the next step, we allow all of the parameters of Eq. (3) to be adjusted independently (the original form factors v, and n may thus change), fitting the properties (ii) to (iv) The superlattice Brillouin zone points are denoted by an overbar, and the corresponding folded zinc blende points are given in parentheses. The minimum gap for each period n is indicated by a star. The k-selection rule of the lowest optical transition is indicated in the eighth column. The spatial nature of the fundamental transition is given in the last column. Table III ). In particular, for the monolayer (n = The energy eigenvalues of the large supercell are analyzed in terms of their "parent" zinc blende states &om which they originate. Because zinc blende states are allowed to mix in the superlattice (subject to Izselection and point-group selection rules), a superlattice wave function can be expanded in terms of a usually small number of zinc blende wave functions. We use the expansion coef6cients of the latter expansion as weights in evaluating spectraL averages of zinc-blende-like eigenvalues.
For example, (I'i ) denotes the expectation value of the zinc blende I'q energy level in a given supercell. (I'i, ) , (Xi,) , and (Ii,) are shown in Fig. 3 for q = 0, 0.25, 0.50, 0.75, and for the perfect monolayer superlattice (il = 1). Interpolation curves based on simple scaling laws pertinent to LRO are shown as lines. We predict a transition &om an X-like CBM to an Llike CBM at g = 0.4, in close agreement with the LDA result ' {il = s). At il = 1, the spectral averages of the that the latter two states, which derive &om X, and X~" , respectively, are almost degenerate in our EPM calculation, whereas experimental observation gives a splitting of 19 meV (see Table III ). The fact that experimentally an X-like band gap at M is found, 42 is consistent with our calculation if the superlattice is only partially ordered with g & 0.4. From the figure it seems that we can rule out the possibility of a I'z, -like CBM at any g, because a correct X, -X~splitting would push the M-like level to even lower energy.
Due to the absence of periodicity along the growth direction (001), we need very large supercells to realistically model the electronic structure of a d-SL. %e have constructed a random sequence of 1000 monolayers, corresponding to a 300 nm thick saxnple, which is comparable to the actual dimensions of molecular-beamepitaxy grown d-SL's. 52 In the plane perpendicular to the growth axis we assumed perfect translational symxnetry (2 atoms per cell), thus our overall three-dimensional supercell contains 2000 atoms. We have calculated the near-band-edge energy levels and wave functions of a d-SL (1,2,3 ) and show the VBM and CBM wave functions in Fig. 4 .
Our results are as follows.
(i) The calculated energy gaps are 2.11, 2.10, and 1.94 eV for the random alloy, o-SL, and d-SL (1,2,3) , respectively. The observed photoluminescence peak energies are 2.05, 2.02, and 1.96 eV for the respective systems.
The calculated energy gap of the d-SL is reduced by 170 meV with respect to the random alloy of equivalent composition and by 160 meV with respect to the o-SL.
(ii) The wave functions near the valence-band and conduction-band edges are strongly localized along the growth direction; they spread over 25 xnonolayers and decay exponentially outside this region with decay lengths of 2 -3 monolayers. Electrons and holes that are localized in the same region will recombine very quickly, because the wave function overlap and thus the oscillator strength is large. A more detailed account of our results will be presented in a future publication. The main experimental findings were: (i) a large redshift of the photoluminescence (PL) peak with respect to both the random Alo 5Gao 5As alloy and the o-SL, (ii) an enhanced PL intensity at higher temperatures, and (iii) shorter PL decay times. Note that the parameters in Table I were obtained by fitting the EPM band structure without spin-orbit coupling to experimental band extrema, thus mimicking a relativiatic band structure. For example, the I'q5" level was fitted to the experimental I'8 level, thus neglecting the split-off I'Y"state. Adding the spin-orbit interaction to the nonrelativistic potential without modification of the parameters would, therefore, distort the band structure. We have found that small adjustments of the parameters in Table I 
